Emotionally evocative messages can be an effective way to change behavior, but the
Persuasive messages succeed or fail depending not only on their content, but on the thoughts and feelings they elicit in people exposed to them. However, the neural pathways that translate messages into effects on individuals and populations are not fully understood. Here, we propose that during exposure to persuasive appeals, brain systems for emotional reactivity and stimulus valuation interact with brain systems involved in emotion regulation, and in concert these systems predict message effects.
Neuroimaging provides a powerful method for measuring mechanisms that underlie persuasive messaging effects (Berkman and Falk, 2013; Falk and Scholz, 2018; Genevsky and Knutson, 2018) . Converging evidence suggests that brain activity associated with stimulus valuation can predict the population-level effects of stimuli like music clips, loan appeals, video advertisements, and persuasive health messages (Berns and Moore, 2012; Falk et al., 2012; Genevsky and Knutson, 2015; Genevsky, Yoon, and Knutson, 2017; Scholz et al., 2017; Venkatraman et al., 2015) . However, although emotional processes feature centrally in psychological theories of persuasion (DeSteno et al., 2004; Dillard, 2000; Petty, Fabrigar, and Wegener, 2003; Witte, 1992) , prior neuroimaging studies have not clarified how brain systems involved in generating and regulating emotions relate to population effects of emotionally arousing stimuli.
Further, behavioral work on emotion and persuasion has revealed variability in the effects of emotional content in changing behavior, but has not identified biological mechanisms that give rise to this variability (Peters, Ruiter, and Kok, 2013; Tannenbaum et al. 2015; Witte and Allen 2000) . Together, models of the brain systems underlying emotional reactivity, emotion regulation, and integrative valuation provide an organizing framework for understanding how persuasive messages can exert their effects. Work in affective neuroscience implicates the amygdala in the generation of affective arousal (Phelps and Ledoux, 2005; Cunningham and Brosch, 2012) . In tandem, other work has shown that cognitively regulating emotion recruits a network of prefrontal, parietal, and temporal brain regions that can evoke goal-driven modulation of subcortical regions like amygdala (Ochsner et al., 2012) . Finally, a third line of research implicates the ventromedial prefrontal cortex (vmPFC) in integrating information from diverse brain regions into a summary signal of the subjective value of a stimulus (Barta et al., 2013; Haber and Knutson, 2010; Roy, Shohamy, and Wager, 2012) . In order to understand how persuasive efforts can change attitudes and behaviors of individual people and populations, it is crucial to examine how these brain systems work together in the moment that persuasive messages are delivered.
In the present study, we test a neural account of how affective reactivity, integrative valuation, and emotion regulation interact during exposure to emotionally evocative health messages, and how this interaction relates to individual-and population-level message effects. Specifically, we hypothesized that amygdala reactivity serves as an input to a value signal reflected in vmPFC activity that more directly predicts behavior. Further, given that emotion regulation processes can modulate neural responses according to cognitive goals, we asked whether the pathway from amygdala to behavioral impact via vmPFC is moderated by recruitment of emotion regulationrelated brain activity. That is, if recruitment of emotion regulation mechanisms reflects top-down modulation of neural reactivity in accordance with idiosyncratic goals, it may decrease the extent to which amygdala and vmPFC responses track with population behavior.
To address these questions, we used functional magnetic resonance imaging (fMRI) data collected from a group of smokers exposed to graphic anti-smoking messages, and data from a population-level email campaign that examined information seeking behavior evoked by the same graphic messages amongst likely smokers (Falk et al., 2016) . Our analyses applied a multilevel mediation framework to ask: i) whether amygdala activity could predict personal quit intentions (for the smokers who were scanned) and population-level information seeking (in the email campaign), ii) whether relationships between amygdala activity and message effects were mediated by increased activity in vmPFC, and iii) whether this amygdala to vmPFC to message impact mediation pathway was moderated by emotion regulation pattern expression.
Method

Participants
Fifty smokers were recruited for the fMRI study. However, four participants were excluded due to excessive head motion (two participants), neurological abnormality (one participant), or data transfer difficulties (one participant). The remaining 46 subjects included 28 males and 18 females with a mean age of 31.9 (S = 12.5, range of 19-64 years old). To participate in the study, during a screening session subjects had to report smoking at least five cigarettes per day for the past month, having been a smoker for at least 12 months, and be between the ages of 18 and 65. Subjects also had to meet standard fMRI eligibility criteria, including no metal in their body, no history of psychiatric or neurological disorders, weight under 350 pounds, and currently not taking any psychiatric or illicit drugs. On the day of the scan, subjects reported smoking an average of 13 cigarettes per day (M = 13.1, SD = 6.8). Participants had smoked for an BRAIN RESPONSES TO PERSUASIVE MESSAGES 7 average of 15 years (M = 14.8, SD = 12.2). This dataset has been reported on in a previous paper focusing on the predictive value of activity within a region of mPFC associated with self-relevance (Falk et al., 2016) . Here we report only novel analyses investigating interactions of emotional reactivity, valuation, and emotion regulation related brain activity in predicting within-individual and population effects of negativelyvalenced messages.
For the population-level email campaign, likely smokers aged 18+ years within the State of New York were identified by a third party email messaging service (National Data Group; NDG). These participants had opted in to receive emails from NDG. NDG uses credit card data as one primary source of their direct email marketing lists and uses information such as purchases of cigarettes and disclosure of cigarette use in online marketing surveys or promotions as indicators of smoker status; NDG did not link to data from tobacco companies. This dataset has previously been used to study brain how self-related brain activity tracks stimulus click-through-rates virality in a stimulus-tostimulus dependent manner (Falk et al., 2016) . Here we report the results of novel analyses aiming to enhance our mechanistic understanding of how amygdala activity, vmPFC activity, and neural mechanisms of emotion regulation are related to quitting intentions and population sharing behavior.
Image acquisition
Neuroimaging data were acquired using a 3T GE Signa MRI scanner. The email campaign images task consisted of two functional runs (300 volumes total). Functional images were recorded using a reverse spiral sequence (TR = 2000 ms, TE = 30 ms, flip angle = 90, 43 axial slices, FOV ¼ 220 mm, slicethickness = 3 mm; voxel size = 3.44 x 3.44 x 3.0 mm). We also acquired in-plane T1-weighted images (43 slices; slice thickness = 3 mm; voxel size = 0.86 x 0.86 x 3.0 mm) and high-resolution T1-weighted images (SPGR; 124 slices; slice thickness = 1.02 x 1.02 x 1.2 mm) for use in coregistration and normalization.
Design
Scanner anti-smoking messages task. We examined neural activity as participants were exposed to each of 40 email-campaign images that were presented along with a tag-line from the body text of the email campaign: 'Stop Smoking. Start Living.'. The timing for each trial (see Figure 1 ) consisted of 4s of image presentation followed immediately with a 3s quit intention rating screen with the statement "This makes me want to quit" and a five-point rating scale (1: definitely does not to 5: definitely does) a jittered inter-trial interval (3-7.5 s). On other trials of this task, participants viewed additional images of scenes or faces which are not analyzed here.
Post-scanner anti-smoking messages rating task. After the scanner task, they rated each messages on 1 to 5 scales to indicate how negative the message was, how strong they found its argument to be, the extent to which it made them think about quitting, and self-relevance.
Population-level email campaign. We partnered with the New York State
Smokers' Quit Line (NYSSQL) to launch an email campaign (n = 400 000 emails) in which the 40 images served as the basis for ads promoting internet-based quit-smoking resources (www.nysmokefree.com). Each target smoker of the email campaign received one of 40 images paired with text encouraging smokers to quit smoking. The images consisted of 20 negatively-valenced anti-smoking images that were modeled BRAIN RESPONSES TO PERSUASIVE MESSAGES 9 after proposed Food and Drug Administration graphic warning labels, as well as 20 neutral images. Because we aimed to better understand mechanisms underlying variability in the effectiveness of negatively-valenced messages, our analyses focused primarily on the 20 negatively valenced anti-smoking images. The emails also contained links to online quit-smoking resources managed by the NYSSQL. Email click-through rates in the email campaign (visits to the quit-website generate by clicking on the link in the email) were treated as the primary outcome of interest in this email campaign. The click-through rate for each image in the email campaign was calculated as the total number of clicks of links within the email divided by the number of emails opened for an image (clicks/opened). Consistent with our prior analyses, email click-through rates were rank-ordered from lowest to highest (see Falk et al., 2016) . . Functional images were despiked using the 3dDespike program as implemented in the AFNI toolbox. Next, data were corrected for differences in the time of slice acquisition using sinc interpolation; the first slice served as the reference slice. Data were then spatially realigned to the first functional image.
We then coregistered the functional and structural images using a two-stage procedure.
First, in-plane T1 images were registered to the mean functional image. Next, highresolution T1 images were registered to the in-plane image. After coregistration, highresolution structural images were segmented to produce a grey matter mask, and then normalized to the skull-stripped MNI template provided by FSL. Finally, functional images were smoothed using a Gaussian kernel (8 mm FWHM).
We conducted first-level modelling in SPM8. Specifically, we constructed a single-trial GLM to quantify trial-level estimates of brain activity (Koyama et al., 2003; Rissman, Gazzaley, and D'Esposito, 2004) , for use in multilevel modelling. Within this GLM, each stimulus (message-viewing) period of the task was modeled as a separate boxcar function convolved with the canonical hemodynamic response, generating separate estimates of brain activity (relative to implicit baseline) for each ad-viewing period, for each participant. Data were high-pass filtered with a filter of 128 seconds, and regressors for the behavioral response period and six rigid-body motion parameters were included as regressors of no interest.
Regions and pattern of interest.
We defined regions and patterns of interest (ROIs and POIs) in order to estimate brain activity associated with core psychological processes of interest -including, affective reactivity, integrative valuation, and emotion regulation (coordinates refer to ROI center of mass in MNI space). Our models treated these a priori brain measures as predictor variables and the trial-by-trial message measures of message impact (quitting intentions and click-through rates) as outcome variables, and were designed to estimate the magnitude (with uncertainty) of these brain-behavior relationships using the data from the current study. We defined a bilateral amygdala ROI anatomically, using the Harvard-Oxford anatomical atlas thresholded at 25% probability (L -23, -5, -18; R 23, -4, -18) (5.3 cm 3 ). We defined a vmPFC ROI (1, 46, -7; 3.6 cm 3 ) via a meta-analysis identifying a monotonic, modalityindependent signal for subjective reward value (Bartra, McGuire, and Kable, 2013) . A pattern of interest is a generalization of the concept of an ROI wherein voxels are assigned continuous weights rather than a binary assignment of being included in an ROI or not. To index distributed neural processes related to emotion regulation, we used the unthresholded whole-brain results from a meta-analysis of 47 studies identifying neural regions activated for the contrast of emotion regulation versus looking naturally at emotionally evocative images (Buhle et al., 2014) , without setting the predictive coefficient of any voxels (i.e., those that didn't meet a significance threshold)
to exactly zero. The resulting meta-analytic pattern indicates that greater activity in a suite of brain regions implicated more generally in top-down control of cognition, as well as semantic and perceptual processing, is predictive of emotion regulation (Buhle et al., 2014; Doré, Weber, & Ochsner, 2017 (Gelman and Rubin, 1992) .
In comparison to maximum likelihood based approaches to multilevel modelling, this approach offers: posterior inference, more accurate estimation of hierarchical variance and covariance parameters, better rates of convergence, and diagnostics for assessing the validity of the sampler-based statistical inferences (Stan Development Team, 2016) .
Results
Amygdala activity during message exposure predicted personal quit intentions and population information seeking
Our initial question was whether message-evoked amygdala responses were predictive of personal quit intentions (rated within the scanner task), and population information seeking (collected via email click-through behaviors in a New York state email campaign). We found that higher amygdala activity was predictive of both in- pattern suggests that smokers' amygdala responses to negative anti-smoking messages predicted both their own message evoked quit intentions and the populationlevel impact of the same messages. Further, the value of a smoker's amygdala response in predicting population impact was partially independent of that smoker's own subjective response to the ad.
The predictive value of amygdala activity for personal quit intentions and population behavior was mediated by vmPFC activity
Next we used a multilevel mediation approach to ask whether the data were consistent with a model whereby the relationship between amygdala activity in response to emotionally evocative messages and the behavioral impact of those messages was mediated by increased vmPFC activity (associated with integrative valuation). To do this, we fit a mediation model with two outcome variables. In this model, we used estimates of message-evoked amygdala activity as the predictor variable, estimates of message-evoked vmPFC activity as the mediator variable, and in-scanner quit
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intentions and population information seeking as two parallel outcome variables. The results of this model (see Figure 2) The relationship between amygdala activity and message impact was mediated by vmPFC activity, for both smoker's own ratings of message-evoked quit intentions within the scanner task and population information seeking behavior (click-through rates) in the New York state email campaign that used the same messages. (Path coefficients reflect standardized betas with 95% credibility intervals, estimated with a multilevel structural equation model.)
Emotion regulation pattern expression moderated the predictive value of amygdala activity and vmPFC for population behavior
Our previous analyses indicated that amygdala responses were predictive of both smoker's own intentions to quit smoking and information seeking within a population messaging campaign, and these effects were mediated by increased vmPFC activity. However, these analyses did not speak to the relevance of brain regions implicated in deliberately controlling one's emotional response to an aversive stimulus.
In order to address this, we asked whether spontaneous (i.e., uninstructed) recruitment of regions implicated in emotion regulation could moderate the predictive value of amygdala and vmPFC responses to these anti-smoking messages.
We first quantified trial-by-trial expression of a meta-analytically defined global brain pattern that is predictive of uninstructed down-regulation of negative emotional responses to aversive stimuli (Buhle et al., 2014; Doré et al., 2017 (Emotion regulation pattern is thresholded at FWE p<.05 for visualization, but in analyses all voxel weights were used; Path coefficients reflect standardized betas with 95% credibility intervals.) B) Coefficient plot (standardized betas with 68% and 95%CI) displaying parameters estimated in a moderated mediation model that including covariates for subjective ratings of message negativity, argument strength, quit-related thoughts, and self-relevance.
To better understand the nature of this moderation, we next modified our mediation model in order to incorporate trial-by-trial variation in emotion regulation pattern expression as a moderator of both the first stage (i.e., the extent to which amygdala activity showed a positive relationship with vmPFC activity), and the second stage (i.e., the extent to which vmPFC activity showed a positive relationship with population behavior, accounting for amygdala activity) of the amygdala to population behavior mediation pathway. This moderated mediation model (see Figure 3A) Overall, these results indicate that spontaneous (i.e., uninstructed) recruitment of brain mechanisms associated with emotion regulation disrupted the extent to which affect and valuation-related brain responses corresponded with population behavioral responses to the negative health messages. In an exploratory follow-up to the mediation model, we added subjective ratings of message negativity, argument strength, quitrelated thoughts, and self-relevance as additional covariates within the mediation model, finding that the vmPFC mediation and emotion regulation pattern moderation effects held (see Figure 3B ). In set of final exploratory follow-up analyses, we asked whether within-person amygdala, vmPFC, or emotion regulation pattern expression interaction effects in predicting quit intentions and population information seeking were moderated by individual differences in average number of cigarettes smoked per day, number of prior quit attempts, or nicotine dependence. These analyses did not reveal evidence for moderation by any of these individual difference variables.
Discussion
Persuasive messages often use emotional content in service of promoting particular attitudes or behaviors (Peters, Ruiter, and Kok, 2013; Tannenbaum et al. 2015; Witte and Allen 2000) . In this study, we asked how neural mechanisms of emotional reactivity, valuation, and emotion regulation interact to determine the individual-level and population-level impact of emotionally evocative antismoking messages depicting a range of negative, smoking-related consequences (e.g., lung disease), a crucial step toward a mechanistic understanding of how emotionally-laden persuasive appeals can change behavior in individual people and across larger populations. Specifically, we examined brain activity within the amygdala and vmPFC, and quantified expression of a meta-analytically defined brain pattern that is predictive of decisions to implement emotion regulation. Next, we used these brain variables to predict effects of these messages on smokers' personal intentions to quit smoking and on large-scale information seeking behavior (email click-through rates) within an antismoking campaign. We obtained three key findings.
First, we found that higher amygdala activity during message exposure was predictive of greater message impact, both for smokers' personal quit intentions and for population email click-through rates to the same messages. Second, we found that the relationship between amygdala activity and message impact was mediated by increased activity in vmPFC. Third, we found that the strength of the mediation pathway relating amygdala responses to population behavior via vmPFC was moderated (i.e., dampened) by expression of the meta-analytically defined emotion regulation pattern.
That is, when smokers spontaneously recruited brain regions involved in deliberately regulating one's response to an aversive image, their affect-and valuation-related brain responses tended to more weakly correspond with the population behavioral effects of the same anti-smoking messages. This overall pattern of results comports with theories positing that vmPFC reflects an integrative value signal that is sensitive to historical and motivational context (crucial in affective learning processes like extinction of a conditioned threat response), whereas lateral PFC regions are more directly involved in top-down control of cognition and emotion.
Implications for psychological and neural models of persuasion
These data are consistent with research proposing that affective responses are a core component of attitudes in general, and central to the effects of persuasive communications in particular (DeSteno et al., 2004; Dillard and Peck, 2000; Petty, Fabrigar, and Wegener, 2003; Witte, 1992) . For example, health messages that highlight a person's risk can be effective (Witte and Allen 2000; Tannenbaum et al. 2015) , particularly if receivers perceive themselves to be at risk (Brewer et al. 2004; Sheeran et al. 2014; Schmälzle et al. 2017) . However, our data provide new insight into the underlying mechanisms of these kinds of effects, suggesting that whether an emotionally charged health message succeeds or fails can be predicted on the basis of both the affective reactivity that it elicits and the way that this affect is regulated.
Overall, these data indicate that theoretically-defined patterns of brain activity can interact to predict consequential behaviors of both the individuals whose brains were measured, and larger population of people exposed to the same stimuli.
Specifically, these data provide novel insight into how mechanisms of emotional reactivity, integrative valuation, and regulation may interact to produce change in intentions and behaviors. Although amygdala activity was predictive of personal intentions to quit smoking and population quit-related information seeking behavior, these predictive relationships were largely mediated by vmPFC activity, suggesting that it may not be enough for persuasive communications to elicit emotional reactivity if they do not also contribute positively to an integrative value response.
Moreover, the pathway relating amygdala activity to population behavior via vmPFC activity was moderated by emotion regulation pattern expression. That is, when smokers showed recruitment of neural mechanisms involved in regulating negative affect during message exposure, their amygdala and vmPFC activity did not correspond as closely with population-level message impact. However, emotion regulation pattern expression did not moderate the extent to which amygdala and vmPFC activity tracked with smoker's own personal intentions to quit smoking. Importantly, the prefrontal and parietal brain regions that are reflected in the emotion regulation pattern are thought to be domain-general, in that they are implicated in regulating emotion via several strategies (including both up-and down-regulating emotion) as well as in top-down control of cognition more generally (Ochsner et al., 2012) . One interpretation of this pattern of results is that the emotion regulation pattern expression observed here may reflect spontaneous up-or down-regulation of the affective impact of a message,
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leading to an evaluative response that is more driven by idiosyncratic top-down goals and less by stimulus-driven modes of responding that are more universal across the population of people exposed to these messages (Knutson and Genevsky, 2018; Doré et al., in press) . That is, the observation that amygdala and vmPFC responses diverge from population behavior (but not one's own intentions) under instances where emotion regulation pattern expression is high suggests that affective and value-related brain responses can be shaped by neural mechanisms of emotion regulation such that they reflect more idiosyncratic, or population-atypical, ways of evaluating a stimulus.
Equivalently, it may be that affective and value-related brain responses are most predictive of the population impact of persuasive messages when they are less influenced by top-down regulation (Doré et al., in press ).
Implications for persuasive messaging interventions
The view that individual-and population-level message effects may emerge from affect-, value-, and control-related brain responses has several implications for theories and design of persuasive messaging interventions. First, messages that aim to evoke strong negative emotional reactivity (e.g., an image of a diseased lung) can be effective, but these data suggest an important boundary condition: this emotional reactivity occurs in tandem with value-related brain activity. Further, these data indicate that an important source of variance in the extent to which affect and value-related brain responses track with persuasive message effects is whether perceivers spontaneously recruit mechanisms of emotion regulation. In particular, the results suggest that neuroimaging measures may be most informative about the success of public health messages when the people being scanned approach the stimuli in a more reactive and less controlled manner (i.e., do not recruit neural mechanisms of emotion regulation). That is, this observation suggests that neural prediction of population behavior may be more efficient when recruitment of mechanisms of emotion regulation is experimentally manipulated or statistically accounted for. One reason for this finding could be that perceivers are recruiting cognitive control resources to up-or down-regulate their affective response such that it diverges from the typical population response. Drawing from models of the neural mechanisms predicting decisions to enact control of emotion (Doré, Weber, and Ochsner, 2017; Shenhav, Botvinick, and Cohen, 2013 ) future studies could focus on psychological and neural factors that could make recruitment of emotion regulation mechanisms more or less likely during the moment of message receipt.
Overall, a crucial direction for future work is to quantify how bottom-up (stimulus-driven) and top-down (goal-driven) neural processes interact to determine the how people experience, recover from, and change their behavior in response to emotionally evocative messaging. In service of this overarching goal, future studies could ask whether psychological and neural variables are able to predict not only the typical effects of a message within a population (i.e., the mean), but also the presence of highly similar versus dissimilar effects across members of that population (i.e., the variance).
Such an approach will build our understanding of specific persuasive strategies that give rise to relatively universal versus relatively idiosyncratic behavioral responses (Schmaelze et al., 2015) .
Future Directions
In this study we used measurements of brain activity to predict immediate effects of graphic anti-smoking messages on smokers' quit-intentions and on information-seeking behavior in a population email campaign. A question for future work is whether stimuli that drive amygdala responses are more effective in evoking short-term change in behavior versus sustained longer-term behavior change. Further, this study focused on within-person variation in anti-smoking message impact. Whether similar neural mechanisms underlie within-versus between-person variation in message-evoked behavior change is not well understood, and is an important question for future work.
Related, although vmPFC activity consistently tracks with subjective value, it is also involved in other processes like affective learning and self-relevance (Roy, Shohamy, & Wager, 2013) . Future work could investigate how these processes, or another lowerlevel set of computations, are relevant for understanding responses to emotional health messages. Finally, future work examining neural responses to persuasive messages could also include psychological measures of emotion regulation abilities and tendencies (Silvers & Guassi Moreira, 2017) , to examine how these individual differences may moderate prediction of message effects.
Conclusion
Whether a persuasive message succeeds or fails can hinge not only on its factual content, but on the affect it elicits and how this affect is regulated. Our data show that affect-related neural responses can predict the impact of persuasive health messages, and that this relationship is mediated by vmPFC and moderated by emotion regulation pattern expression. These findings suggest that spontaneous recruitment of neural mechanisms of emotion regulation can shape evaluations of persuasive messages and disrupt the extent to which these evaluations track with population-level message effects.
